It has been reported that most aluminum alloys contain high-density micro pores, which make an appreciable contribution to damage evolution during ductile fracture. It is reasonable to assume that the mechanical properties of aluminum alloys are more or less improved by controlling micro pores in aluminum alloys. In the present study, the volume fraction of micro pores is controlled by controlling hydrogen content over a wide range. Tensile tests are performed using smooth and notched specimens at room and elevated temperatures, together with a fracture toughness test. It has been shown that both strength and ductility increase with decreasing micro pore volume fraction. The elimination of micro pores has pronounced effects especially on high-temperature ductility, notched tensile strength and fracture toughness. It has been observed in the in-situ observation of a room temperature tensile test that pre-existing hydrogen micro pores exhibit premature growth immediately after the onset of plastic deformation, whereas the well-known particle fracture mechanism operates only after the maximum load in the alloys with the least micro pores fraction. It can be inferred that in the notched and pre-cracked specimens, the premature growth of micro pores are driven by triaxial stress state, thereby inducing more degradation in mechanical properties.
Background
The hydrogen contents in most wrought and cast aluminum alloys are usually three to four orders of magnitude larger than the hydrogen solubility in solid aluminum, due to the existence of a hydrogen solubility gap at the melting temperature of aluminum and the presence of a surface oxide layer that can impede hydrogen desorption from solid aluminum alloys. High-resolution X-ray microtomography has recently revealed the existence of high-density micro pores in most aluminum alloys, due to the precipitation of molecular hydrogen during casting and subsequent heat treatments. 1, 2) It has been reported that supersaturated hydrogen in solid aluminum is predominantly partitioned to micro pores as molecular hydrogen, 1) and that the trap site occupancies of interstitial lattice sites, solute atoms are elevated with further increases in hydrogen content. 1) It has been reported that the hydrogen micro pores do not close even through subsequent extensive hot and cold plastic deformation due to inhomogeneous local strain distribution. 2, 4) The number density of micro pores far exceeds 10,000 per 1 mm 3 in most wrought aluminum alloys.
3)
It has recently been discovered, by the present authors, that such micro pores exhibit early growth under external loading, thereby inducing ductile fracture, 4, 5) whereas the well-known particle fracture mechanism operates only incidentally in aluminum alloys. 4, 5) The effects of micro pores on damage evolution are more pronounced when a notch or a crack is introduced to a specimen. 6) More recently, it has been revealed that pre-existing hydrogen micro pores also contribute to cavitation during high temperature deformation. 7) It is therefore reasonable to assume that the mechanical properties of aluminum alloys are more or less improved by eliminating micro pores in aluminum alloys. In the present study, the volume fraction of micro pores is controlled by controlling hydrogen content over a wide range. Tensile tests are performed at room and elevated temperatures. It has been reported by the present authors that triaxial stress state ahead of a notch and a crack exerts a marked effects on the premature growth of micro pores. 6) Notched tensile tests and fracture toughness tests are performed to examine such effects on macroscopic material properties. Synchrotron Xray microtomography is also applied to perform the in-situ observation of damage evolution behaviors in order to obtain the experimental evidence of the effects of micro pores.
Experimental Methods

Sample preparation
Commercial A2024 alloys were remelted in order to control hydrogen content. Crucibles for this remelting were made of electrode-grade graphite (Shin-Nihon Tanso Co., Ltd.). A vacuum chamber was evacuated below 2.0 © 10 ¹4 Pa, and then the chamber was filled with 1 atm argon. The alloy melt of 500 g was remelted at 1023 K for 1.8 ks in the chamber, and then cast into iron molds after the melt temperature was cooled to 993 K. An identical A2024 alloy was also melted in ambient laboratory air at 1023 K for 1.8 ks, and then cast into an iron mold after argon gas bubbling at 0.067 L/s for 300 s. In order to increase hydrogen content, a potato of about 50 g was immersed for 300 s during another laboratory-air batch before holding at 1023 K. In order to suppress the difference in mechanical properties that arises from the difference in grain size, an identical mold and casting temperature were used for the three casting routes. The three kinds of ingots were homogenized at 768 K for 28.8 ks, hot-rolled (50%) at 673 K, annealed at 593 K for 7.2 ks, cold-rolled (50%), solution-treated at 768 K for 7.2 ks and finally aged at 463 K for 10.8 ks. All the ageing treatments were performed using an oil bath. The homogenization and solution treatments of the low hydrogen materials were performed in a high vacuum chamber that had been evacuated below 2.0 © 10 ¹5 Pa. The other heat treatments were performed using a salt bath. It may be inferred that magnesium can be reduced during exposure at high temperatures in vacuum. The reduction in magnesium however leads to conservative evaluation in terms of the advantage of low hydrogen materials in mechanical properties.
Thermal cycling treatments (723 K for 1.2 ksRT) of 0, 1, 3, 9 and 27 cycles were applied between the cold rolling and solution heat treatment in order to vary hydrogen content and micro pore volume fraction. Figure 1 shows relationship between total hydrogen content and the volume fraction of micro pores after the thermal cycling treatments. Five conditions have been selected for subsequent mechanical tests. The samples were hereinafter called materials LH, MH-1, MH-2, HH-1 and HH-2 to indicate their hydrogen contents (i.e., L, M and H mean low, medium and high hydrogen, respectively). The numbers of thermal cycling for materials LH, MH-1, MH-2, HH-1 and HH-2 were, 1, 9, 0, 0 and 3, respectively. The vacuum fusion method was utilized to measure the total hydrogen content of each material.
Specimens 15 mm in length and 0.6 © 0.6 mm in cross section was machined from the ingots and used for the in-situ observations of micro pore growth under synchrotron X-ray. Specimens for ordinary material tests were also machined from the ingots. The geometries of the specimens are summarized in Fig. 2 . All the specimens were machined with tensile load applied in the rolling direction.
Tomographic imaging
A high-resolution X-ray CT experiment was performed using the X-ray imaging beamline, BL20XU, of SPring-8. Samples were positioned in Experimental Hutch 2, which is located approximately 242 m from the X-ray source. A monochromatic X-ray beam, with a photon energy of 20 keV, generated by a liquid nitrogen-cooled Si(111) double crystal monochromator, was used. The image detector consisted of a 2048 © 2048 element CMOS camera (with effective pixel size of 6.5 µm), a single crystal Lu 2 SiO 5 :Ce scintillator, and a ©10 lens. The image detector was positioned 20 mm behind the sample, thereby making the imaging system sensitive to phase modulation. In total, 1,800 radiographs, scanning 180 degrees, were obtained in 0.10-degree increments. Image slices were reconstructed from a series of projections based on the conventional filtered backprojection algorithm. An isotropic voxel with a 0.50 µm edge was achieved in the reconstructed slices. The grey value in each dataset was calibrated such that the linear absorption coefficient of 0 to 50 cm ¹1 fell within an 8-bit gray scale range between 0 and 255.
In-situ tensile tests were performed using a material test rig specially designed for X-ray CT observations at high temperatures. A polymer tube was used as an axisymmetric load frame, resulting in negligible X-ray absorption.
All the micro pores are segmented and labeled. Morphological characteristics of each micro pore, e.g., surface area, volume and gravity center, are measured precisely by means of a 3D image analysis. 8, 9) To estimate the volume of each micro pore with sub-voxel accuracy, pentagonal facetted iso-intensity surfaces were computed from the volumetric data set using the conventional Marching Cubes algorithm. 10) The threshold value for obtaining binary images was set at 13 for micro pores. To suppress inaccuracies originating from image noise, only micro pores over 23.168 voxels in volume were counted as microstructural features in the quantitative analysis.
Material tests
Three different tensile tests were performed for all the five heat-treatment conditions; two kinds of tensile tests at room temperature using tensile specimens with and without a notch and a high temperature tensile test using smooth specimens. The Instron 5583 testing machine was used for all the material tests. Loading rate was 8.3 © 10 ¹3 mm/s. A Zimmer optical extensometer (Model 200XH) was used for displacement measurements. Five specimens were used for each test. In the high-temperature tensile test, specimens were heated to 773 K at 5 K/s and held at 773 K for 0.6 ks before starting loading. Single-edge notched tensile specimens shown in Fig. 2 were also used together with smooth specimens for room temperature tensile tests. Notch root radius was 0.5 mm.
A fracture toughness test was performed with three-point bend specimens. a/W was roughly 0.5 where a is initial crack length and W is specimen width. A notch of 0.1 mm in width was introduced to each fracture toughness specimen instead of a fatigue pre-crack. Apparent fracture toughness was calculated according to the linear-fracture mechanics. Figure 3 shows the 3D distribution of micro pores in each alloy. Underlying aluminum is not displayed in the figure. The results of an image analysis are summarized in Table 1 . There are differentials of over 17 and 184 in hydrogen content and micro pore volume fraction, respectively, between the highest and lowest materials. Although average micro pore size (3.6 and 3.03.2 µm for materials LH and MH, respectively) and shape (64 and 8283 in sphericity for materials LH and MH, respectively) do not greatly differ between materials LH and MH, the number density of micro pores is 1.77 © 10 ¹12 in material LH, which is two orders of magnitude smaller than ordinary levels such as materials MH-1 and MH-2. In materials HH, significant coarsening is observed as shown in Fig. 3 , together with the reduction in number density. Almost all the hydrogen micro pores appeared to be nucleated heterogeneously on particles. It therefore implies that anisotropy in mechanical properties is introduced through the alignment of particles along grain boundaries. Figure 4 shows the effects of micro pore volume fraction on ultimate tensile stress, 0.2% proof stress and reduction in area in the room temperature tensile tests with smooth specimens. Given that isolated coarse pores are sparsely dispersed in the materials, the effects of such pores are quite limited. This is because ductile fracture process requires coalescence among neighboring micro voids to give rise to the final rupture. Volume fraction is therefore plotted in the horizontal axis in the following investigations.
Hydrogen Micro Pores in Each Material
Material Properties
Strength and ductility appear linearly dependent on micro pore volume fraction in the figure. Although the data for HH-2 appears slightly deviated from the line, it may be attributable to variability in the properties due to low number density. As opposed to the ordinary trade-off relationship between strength and ductility, both strength and ductility are improved at the same time by reducing the volume fraction of hydrogen micro pores as shown in the stressstrain curves of Fig. 5 . It is noteworthy that the difference in stress level is observed from just after elastic limits. In the conventional ductile fracture theory in which particle damage is assumed from particle cracking and/or interfacial debonding, damage evolution is assumed to occur by elevations in triaxial stress mainly after the onset of necking at the maximum load. The difference in stress strain relationships observed in Fig. 5 suggests either the contribution of inherent effects of hydrogen or the premature growth of micro pores. Figures 6 and 7 show the results of the tensile tests with notched tensile specimens and corresponding stressstrain curves, respectively. Strength is also improved in the notched specimens without loss of ductility. It is to be noted that materials MH-1 and MH-2 exhibit the lowest strength and ductility. It can be inferred that in the notched tensile specimens, sampling volume in which materials are locally exposed to high strain is limited, resulting in more pronounced effects of micro pore density than the case of smooth tensile specimens.
More drastic difference between material LH and the other materials are seen in the ductility data of Fig. 8 in which the high-temperature tensile tests are summarized. Although stress levels are not so different, ductility is almost doubled at 773 K. The tendency observed for RA in Fig. 8 fracture surface, while the other materials exhibited ordinary dimple fracture as shown in Fig. 9 . Limited deep dimples were observed in material LH, implying that cavity coalescence is retarded due to low cavitation density. It is reasonable to assume that elongation is not truncated at an early instance in material LH. Fairly low number density of dimples on the fracture surface due to the existence of smooth areas without dimple pattern shown in Fig. 9 (a) strongly supports this explanation. Fracture toughness test results shown in Fig. 10 also show the advantage of material LH in both apparent fracture toughness and absorbed energy. It is also characteristic that both initiation and propagation energies are affected by micro pore volume fraction. Table 2 summarizes all the material tests. Fundamentally all the properties are improved by reducing micro pores. Significant effects are seen in properties tested with stress concentrators and those measured at the high temperature. In general, strength/ductility and strength/fracture toughness are mutually exclusive. It is however noteworthy that the attainment of both strength and fracture toughness is observed in Table 2 , implying controlling hydrogen micro pores fulfills a vital requirement for structural materials.
Growth Behaviors of Micro Pores and Damage Voids during Tension
3D/4D quantitative measurements of micro pore/damage void volume fraction and number density are shown over the whole applied strain range in Fig. 11 . The data has been obtained by analyzing a series of the 3D images obtained in the in-situ tensile tests performed at the synchrotron radiation facility. As has often been reported regarding void growth, damage evolution process consists of void initiation and growth processes. The increase in number density without obvious change in volume fraction is an indication that damage evolution would appear to be initiation controlled.
On the other hand, the increase in volume fraction with constant number density means a void growth controlled process. Material HH shows rapid micro pore growth from the onset of plastic deformation with slow nucleation of new voids, whereas almost no damage initiation and growth were observed in material LH before the maximum load. Void initiation was observed only after the maximum load in material LH. Although rapid increase in void volume fraction was observed in material LH before the final fracture, the overall volume fraction and number density of voids/micro pores are almost doubled between the two materials. It can be concluded that micro-pore mechanism becomes a dominant damage mechanism for the ordinary aluminum alloys that more or less contain supersaturated hydrogen. It is reasonable to assume that the conventional particle damage-controlled fracture cause damage evolution when hydrogen micro pores are eliminated to a certain extent. The reason why micro pores can grow before necking occurs would be that micro pores are heterogeneously nucleated on particles, which generate local triaxial stress state due to the constraint of plastic flow of the matrix aluminum.
Summary
Micro pore volume fraction was varied over a wide range by controlling hydrogen content. Mechanical properties were tested on selected five materials. Synchrotron X-ray microtomography was employed to observe damage behavior during tension. Simultaneous increase of strength and ductility/fracture toughness was obtained by eliminating micro pores. Larger effects are obtained when stress concentrators such as a notch or a crack are introduced. The high temperature ductility was also remarkably enhanced at the same time. Experimental evidence was obtained in the in-situ observation of fracture, in which micro pore growth was observed from just after the onset of plastic deformation in the high micro pore material. The conventional particle damage mechanism would be dominant only in the low micro pore material. It seemed likely that the elimination of micro pores makes an appreciable contribution to the improvement in mechanical properties via the transition in damage evolution mechanism. Volume fraction, V f (%) (a) (b) Fig. 10 The effects of micro pore volume fraction on apparent fracture toughness, initiation energy and propagation energy in the room temperature fracture toughness tests: (a) Apparent fracture toughness, (b) absorbed energy. 
